We develop a model for oceanic volcanism that involves fracturing of the seismic lithosphere to access melts from the partly melted seismic low-velocity zone. Data on global seismic shear-wave velocities are combined with major-element compositions of global mid-ocean ridge basalt glasses, Hawaiian basalt glasses, and phase relations in the CaO-MgO-Al 2 O 3 -SiO 2 -CO 2 and CaO-MgO-Al 2 O 3 -SiO 2 -Na 2 O-FeO systems at pressures from 1atm to 6 GPa. We use these data to constrain the pressure^temperature conditions for melt extraction at Hawaii and mid-ocean ridges (including Iceland), and to evaluate the existence of hot mantle plumes. In the low-velocity zone, the maximum reduction and maximum anisotropy of seismic shear-wave velocity (maximum melt fraction) occurs at a depth of 140^150 km for crustal ages 450 Ma, and a depth of 65 km at the East Pacific Rise axis. Seismic data indicate a smooth depth transition between these extremes. Experimental phase-equilibrium data, when combined with natural glass compositions, show that pressure^temperature conditions of tholeiitic melt extraction at Hawaii (4^5 GPa, 1450^15008C) and the global oceanic ridge system (1·2^1·5 GPa, 1250^12808C) are an excellent match for the two depth ranges of maximum melting indicated by seismic shear-wave data. At Hawaii, magmas escape to the surface along a fracture system that extends through the lithosphere into the low-velocity zone. This allows eruption of progressively deeper melts from the low-velocity zone, which exist at equilibrium along a normal geotherm. No significant decompression melting occurs. This produces the characteristic sequence at each volcano of initial low-volume alkalic magmas, then voluminous tholeiitic magmas that show low-pressure olivine-controlled crystallization, and final low-volume alkalic magmas from extreme depths. At the East Pacific Rise, the more shallow depth of magma extraction is caused by a perturbed ridge geotherm that grazes the lherzolite solidus within the thermal boundary layer. This results in an absence of olivine-controlled crystallization. Hawaii is not a hot plume. Instead, it shows magmas characteristic of normal mature-ocean thermal conditions in the low-velocity zone. We find no evidence of anomalously high temperatures of magma extraction and no role for hot mantle plumes anywhere in the ocean basins.
I N T RO D UC T I O N
We use a combination of natural basalt glass compositions compiled from the literature, experimental data on the melting behavior of model mantle systems, and seismic data on shear-wave velocities in the oceanic upper mantle to examine the origin of oceanic volcanism and the existence of hot mantle plumes (Morgan, 1971 (Morgan, , 1972 beneath mid-ocean ridges and elsewhere in the ocean basins. Foulger et al. (2005c) , Campbell & Kerr (2007) , and Foulger & Jurdy (2007) have provided a thorough introduction to the plume literature. Anderson (2011) has provided a geophysical perspective on the plume issue. Sleep (2007) has estimated that mantle plumes require temperatures that are enhanced by 2508C relative to their surroundings. To determine if temperature enhancements of this magnitude exist at Hawaii or along mid-ocean ridges where several plumes (e.g. Iceland, Easter Island, Afar) have been proposed, it is necessary to compare pressure-temperature (P-T) conditions of magma extraction with anticipated normal temperature conditions in the mantle. The Pacific Basin, with its large expanse of young to mature oceanic lithosphere that has been thoroughly characterized seismically, is the best oceanic region for determining the normal range of upper mantle temperatures versus lithospheric age. It provides an important reference state for determining if candidate plumes have sufficient excess temperature to satisfy the thermal requirement of Sleep (2007) . It also contains the strongest plume candidate, Hawaii, as well as the most vigorous mid-ocean ridge, the East Pacific Rise. We also examine melt-extraction temperatures at Iceland, the strongest plume candidate along a mid-ocean ridge. We address P^Tconditions of magma extraction by combining data on (1) basalt glass compositions from Hawaii, Iceland, and the global mid-ocean ridge system, (2) experimentally determined phase relations in model systems and natural compositions over a range of pressures from 1atm to 6 GPa, and (3) seismic data on shear-wave velocity and shear-wave anisotropy versus depth in the upper oceanic mantle.
Our database of MORB glass compositions ( Fig. 1 ) contains 391 analyses from Iceland (Nordic Volcanological Institute, unpublished data generously made available to us by K. Gronvold; Sigurdsson & Sparks, 1981; Condomines et al., 1983; Meyer et al., 1985; Risku-Norja, 1985; TrÖnnes, 1990; Hansteen, 1991; Werner, 1994; Gurenko & Chaussidon, 1995; Schiellerup, 1995; Sigurdsson et al., 2000; Steintho¤ rsson et al., 2000; Breddam, 2002) , 25 from the Siqueiros Fracture Zone (Perfit et al., 1996) , six from Macquarie Island (Kamenetsky & Maas, 2002 ) (six alkalic glasses deleted), and 6542 from the petDB database, http://www.petdb.org/petdbWeb/index.jsp (88 alkalic glasses deleted). The olivine-controlled glass compositions from Kilauea volcano, Hawaii are from Clague et al. (1995) . The petDB glass analyses are filtered to retain only analyses classified as 'fresh' and sampled from spreading ridges and fracture zone segments that connect these ridges. Only compositions with totals between 98·5 and 101·5% are retained.
M E LT-E X T R AC T I O N T E M P E R AT U R E S B A S E D O N O L I V I N E A D D I T I O N
An understanding of magma extraction temperatures is critical to determining the existence of hot mantle plumes. To obtain this information, a number of recent efforts have used 'olivine-addition' calculations. These studies (Herzberg & O'Hara, 2002; Falloon et al., 2005 Falloon et al., , 2007 Putirka, 2005 Putirka, , 2008 Courtier et al., 2007; Herzberg et al., 2007; Putirka et al., 2007; Herzberg & Asimow, 2008; Lee et al., 2009) have reported a wide range of calculated potential temperatures (T p , the projected temperature at zero pressure of the adiabatic temperature gradient within the upper mantle) of 1286^17228C at Hawaii, 1361^16378C for Iceland, and 1243^14888C for mid-ocean ridge basalts (MORB) exclusive of those at Iceland. For MORB, including those at Iceland, these studies assume the existence of olivine-controlled crystallization at low temperatures and pressures. For example, in the studies of Falloon et al. (2005 Falloon et al. ( , 2007 , each calculated temperature is based on the occurrence of a highly magnesian olivine crystal that is out of equilibrium with its host glass. Olivine is then incrementally added back into the glass composition until its Mg/Fe ratio matches the expected Mg/Fe ratio of a melt in equilibrium with the observed olivine crystal. This procedure assumes that the liquid and crystal have existed as a closed system and that these phases were once in equilibrium at a high temperature of melt extraction. However, for magma extraction from a compositionally heterogeneous mantle, melts and crystals with a range of Mg/Fe ratios from different sources of varying fertility could be mixed. Model-system phase relations (Gudfinnsson & Presnall, 2000; Presnall & Gudfinnsson, 2008) show that in a heterogeneous mantle, formation of a melt with an extremely high Mg/Fe ratio from a correspondingly depleted lherzolitic source is consistent with melt extraction at the very low solidus temperatures and pressures of the plagioclase-spinel lherzolite transition (1250^12808C, 1·2^1·5 GPa). If an olivine crystal in equilibrium with such a highly depleted melt were swept up by a different and more fertile (lower Mg/Fe) melt in this same P-T range, the back-calculation to the presumed original equilibrium temperature for this disequilibrium crystal^liquid pair would indicate an elevated temperature unrelated to the low temperature at which this Mg-rich crystal grew in its previous environment. Because of the possibility of very large errors of this type and the inability to determine the magnitude of these errors, potential temperatures based on reconstructed magma compositions are not used here.
P H A S E R E L AT I O N S
In our determinations of the P-T conditions of magma extraction, we use model-system phase relations in conjunction with temperature adjustments to achieve natural conditions. In the system CaO-MgO-Al 2 O 3 -SiO 2 (CMAS), the forsterite (Mg 2 SiO 4 )-diopside (CaMgSi 2 O 6 )-anorthite (CaAl 2 Si 2 O 8 )-silica (SiO 2 ) tetrahedron (Fig. 1a) is a close approximation of the tholeiitic portion of the basalt tetrahedron (Yoder & Tilley, 1962) for natural compositions and includes all the major silicate phases involved in tholeiitic melting and crystallization processes. In the CMAS tetrahedron (Fig. 1 ) it has been demonstrated that crystallization paths for model tholeiitic basalt magma compositions at 1atm pressure in this system correspond closely to crystallization paths for natural MORB and Hawaiian glass compositions that have crystallized at very low pressures within the volcanic edifice (Presnall, 1999, fig. 11; Presnall et al., 2002, figs 11 and 12) . To address MORB and Hawaiian P-Tconditions of magma extraction with greater precision, we use extensions of the CMAS phase relations at pressures up to 6 GPa (Weng, 1997; Presnall (1999) .
[For data sources, see Presnall (1999) .] Bold liquidus univariant boundary lines are within the tetrahedron and fine liquidus univariant boundary lines are on the faces. Arrows on boundary lines where three crystalline phases are in equilibrium with liquid indicate directions of decreasing temperature. Complex natural glass compositions are reduced to the four components of this system using the CIPW algorithms given by Presnall et al. (2002, fig. 6 caption (Milholland & Presnall, 1998 ) and 6 GPa (Table 1) . Weng & Presnall, 2001; Dalton, J. A., unpublished) and with the additional components, Na 2 O and FeO (CMASNF) (Walter & Presnall, 1994; Gudfinnsson & Presnall, 2000; Presnall et al., 2002; Presnall & Gudfinnsson, 2008) . When plotting the compositions of chemically complex natural basalt glasses for comparison with the CMAS and CMASNF phase relations, we use the algorithm given by Presnall et al. (2002) . For tholeiitic basalt compositions (those within the tetrahedron olivine^diopside^enstatite^quartz), this algorithm gives the molar equivalent of the classical CIPW norm and includes all the oxides of a normal chemical analysis. This allows the full chemistry of natural magma compositions to be compared in a meaningful way with the simplified model-system phase diagrams (Fig. 1) .
Role of volatiles in mantle melting
Carbon has a unique behavior that gives it a critically important role in producing melt in the low-velocity zone. At upper mantle P^T conditions of 56 GPa, 12008C, carbon has a maximum solubility in mantle silicate minerals of 513 ppm (Keppler et al., 2003; Shcheka et al., 2006) . Because of this nearly complete insolubility and the low melting temperatures of carbonates relative to those of silicates, the silicate mantle can be considered, to first order, as an inert crucible for the production of low-temperature carbonate-rich melts (bold continuous line in Fig. 2a and b) (Wyllie & Huang, 1975a , 1975b , 1976 Eggler, 1976 Eggler, , 1978 Wyllie, 1978; . For natural carbonated lherzolite, solidus temperatures are reduced from 12508C at 1·21 ·5 GPa to 10008C at 2 GPa (Falloon & Green, 1989) (Fig. 2a and b) , a result generally consistent with the recent study of Dasgupta & Hirschmann (2006) over a wider pressure range. Presnall & Gufinnsson (2005) showed that observed amounts of H 2 O in nominally anhydrous lherzolite minerals are much smaller than the aggregate maximum solubility of H 2 O in these minerals. More recent data (Hauri et al., 2006; Grant et al., 2007a Grant et al., , 2007b have not changed this observation. Mierdel et al. (2007) argued that a minimum in the bulk solubility of H 2 O at 5 GPa might be the cause of the oceanic low-velocity zone. However, their minimum solubility is 700 ppm, roughly twice the maximum bulk concentration of H 2 O observed in natural mantle minerals proportioned to approximate a garnet lherzolite  Table 1 ). This indicates that all of the H 2 O in the oceanic upper mantle can be stored in nominally anhydrous phases. Although Green et al. (2010) (Bundy et al., 1961) . The geotherm for Hawaii assumes a 15008C adiabat. The natural volatile-free lherzolite solidus (bold dashed line) is constrained at 5 GPa,16008C by the determination of Lesher et al. (2003) . The natural carbonated lherzolite solidus (bold continuous line) is from Falloon & Green (1989) and Dasgupta & Hirschmann (2006) . T p is potential temperature. The P^T space between these two curves is a region of olivine þ orthopyroxene þ clinopyroxene þ garnet þ carbonate-bearing melt. The slight change in slope of the carbonated lherzolite solidus at 3·5 GPa is caused by intersection of the solidus with the dolomitem agnesite transition (Dalton & Presnall, 1998) .
away from subduction zones. However, given the existence of melt caused by CO 2 , some of the H 2 O that would otherwise exist in the nominally anhydrous phases would partition into the melt. As temperatures increase above the melting temperatures for carbonates, the approximation of the lherzolitic mantle as a crucible for carbonatitic melts gradually breaks down, and the carbonate^silicate melts become progressively more siliceous. For a given pressure and bulk composition (including CO 2 ) in the temperature interval between the carbonated and carbonate-free lherzolite solidus curves ( Fig. 2b ; see also , increasing temperature causes the liquid proportion and the proportions of MgO, Al 2 O 3 , and SiO 2 in the liquid to increase as CaO and CO 2 decrease. Thus, for low temperatures at and just above the carbonated lherzolite solidus, the initial melts are carbonatitic. As temperature increases at constant pressure, the melt compositions change gradationally to simplified approximations of alkalic melts (low in SiO 2 ), and finally to tholeiitic melts at and immediately below the volatile-free lherzolite solidus. At pressures 4 1·5 GPa and over the entire P^T interval between the volatile-free and carbonated lherzolite solidus curves, all of these liquids of various composition are in equilibrium with the four important minerals of lherzolite: olivine, enstatite, diopside, and an aluminous phase (spinel or garnet). The existence of this broad P^T region between the volatile-free and carbonated lherzolite solidus curves, with its very wide range of magma types, all of which are in equilibrium with a lherzolitic (olivine þ orthopyroxene þ clinopyroxene þ garnet) mineral assemblage , provides the framework used here for understanding the wide range of magma compositions that exist at different depths in the oceanic low-velocity zone and erupted in the ocean basins. Hauri (1996) has claimed that Hawaiian lavas, especially those at Koolau, are so high in SiO 2 that olivine cannot be in the source. Also, Sobolev et al. (2005) have argued that 40^60% of Hawaiian lavas come from a source that has no olivine. Sobolev et al. (2005) based their claim on the observation that Hawaiian tholeiites have high MgO, SiO 2 , and Ni, and argued that this combination of enrichments is not consistent with melts produced from a source containing olivine. They also argued that Hawaiian tholeiites with high SiO 2 (447%) are possible only for high degrees of melting. They noted that the observed high concentrations of Ni in Hawaiian magmas can be produced only if the melts have MgO422 wt %, which would decrease the Ni partition coefficient sufficiently to allow the observed high Ni concentrations. Figure 1 shows that the olivine-controlled crystallization trend for Hawaii discovered by Clague et al. (1995) indicates magma extraction at 4^5 GPa in the garnet lherzolite stability field. In the CMAS system ( Fig. 1c and Table 1 ) initial melts at the smallest melt fractions directly at the solidus and in equilibrium with a garnet lherzolite mineralogy (olivine þ enstatite þ diopside þ garnet) increase in SiO 2 from 47·30 to 51·56 wt % as pressure increases from 3 to 6 GPa. For these same conditions, MgO in the melt increases from 22·10 to 30·84 wt %. Thus, melts with high Ni and SiO 2 do not indicate the absence of olivine in the source. Instead, melts extracted from a garnet lherzolite mineralogy at 4^5 GPa yield magmas that are high in both MgO and SiO 2 , exactly the features observed by Hauri (1996) and Sobolev et al. (2005) and indicated by Sobolev et al. (2005) to be necessary for the observed high Ni in Hawaiian tholeiitic magmas. The reason for the simultaneous increase in both MgO and SiO 2 with increasing pressure of melt extraction is the abrupt change in the compositional trajectory of melt compositions vs pressure when the mineral assemblage at the solidus changes from spinel lherzolite to garnet lherzolite at 3 GPa (Table 1 and Fig. 1b^d ).
E V I D E N C E F O R A N O L I V I N E -B E A R I N G S O U RC E F O R H AWA I I A N M AG M A S
The close consistency between the olivine-controlled glass compositions of Clague et al. (1995) and the phase relations ( Fig. 1b^d) indicates a source with a garnet lherzolite mineralogy. However, the phase relations do not constrain the proportions of these minerals in the source. For example, the source could be a garnet pyroxenite that contains significant amounts of clinopyroxene, orthopyroxene, and garnet, but only a modest amount of olivine, a rock with many similarities to the olivine-bearing garnet pyroxenite xenoliths at Salt Lake Crater, Hawaii. However, these particular xenoliths (Keshav et al., 2007) have Fe/Mg ratios that are too high to be the source of Hawaiian tholeiites.
P R E S S U R E^T E M P E R AT U R E C O N D I T I O N S O F H AWA I I A N VO L C A N I S M
The classic Hawaiian sequence of volcanism (Clague & Dalrymple, 1987) starts with small volumes of alkalic lavas. This is followed by voluminous shield-building tholeiitic lavas that make up the main bulk of the volcano and then a late cap of alkalic lavas. Volcanic activity sometimes stops at this stage. However, for East Maui, Koolau, Kauai, and Niihau, a period of quiescence lasting from 0·25 to 2·5 Myr is followed by the formation of small and short-lived post-erosional vents on the volcano flanks that erupt more strongly alkalic lavas.
Early alkalic basalts
For the P^T conditions of melt extraction of the early Hawaiian alkalic lavas, we use the recent estimates of Sisson et al. (2009, fig. 14) for early basanite^nephelinite glasses from Kilauea, the North Arch volcanic field, and the Honolulu Volcanic Series. These estimates, all close to 3 GPa, 13508C, are consistent with P^T determinations for spinel lherzolite xenoliths from Hawaii (I. D. MacGregor, personal communication) and the mature Hawaiian geotherm (Fig. 2b) based on the seismic constraint of maximum melting at 120^160 km depth.
Tholeiitic basalts
Hawaiian tholeiites show an initial olivine-controlled differentiation trend and a subsequent trend produced by crystallization of olivine þ plagioclase þ diopside. Both trends are produced by low-pressure crystallization and the latter trend overlaps the low-pressure crystallization trend of MORB. In Fig. 1 , the starting point for olivine-controlled crystallization of the Puna Ridge tholeiitic glasses of Kilauea volcano (Clague et al., 1995) is close to the trend of CMAS near-solidus liquids in equilibrium with olivine, enstatite, diopside, and garnet in all three projections at 4^5 GPa (Fig. 1b^d) . For this pressure range, the model-system temperatures would be 14501 5608C for natural compositions, conditions that are consistent with the natural lherzolite solidus temperature of 16008C at 5 GPa (Lesher et al., 2003) . This is the approximate P^Tcondition for melt extraction of the Puna Ridge tholeiites. The glass composition at the most magnesian end of the Puna Ridge olivine-controlled trend (Fig. 1b^d) is close to the experimental trend of melt compositions in equilibrium with a model lherzolite mineralogy. This implies very little olivine crystallization for this glass, and suggests an explosive eruption from 140 km depth, which is consistent with recovery of only very small glass fragments (Clague et al., 1995) .
Dunite xenoliths at Hawaii provide additional support for low-pressure olivine-controlled crystallization, and therefore deep melt extraction. In the central and deeply eroded core of Koolau volcano, olivine crystals in these xenoliths extend to compositions that are too Fe-rich (Fo 82·6^F o 89·7 ) to be residues from partial melting. Instead, they must have settled during shallow olivine-controlled crystallization of magnesian melts produced during the main shield-building stage of Koolau (Sen & Presnall, 1986) . This concentration of olivine-rich xenoliths is consistent with the high gravity anomaly centered on Koolau (Strange et al., 1965) . The existence of similar xenoliths at Hualalai (Chen et al., 1992) , Loihi (Clague, 1988) , and Mauna Kea (Atwill & Garcia, 1985) indicates a consistent pattern of tholeiitic melt extraction at 3·5^5 GPa and low-pressure olivine-controlled crystallization of these magmas.
Late alkalic lavas
The most complete data on the late alkalic lavas that characterize the Hawaiian volcanoes (Macdonald & Katsura, 1964) are from the HSDP2 drill core on the flank of Mauna Kea volcano; Stolper et al. (2004) , however, found no clear indicators of the P^T conditions of melt extraction. The phase relations (Fig. 2b and show that if the depth of melt extraction continues to increase along the adiabatic part of the geotherm at pressures 4 5 GPa, the magmas will change from tholeiitic to alkalic (lower SiO 2 ) compositions. Given the even more extreme pressures required for the final post-erosional lavas, we suggest a pressure range of 5^6 GPa for the late alkalic lavas.
Post-erosional lavas
The lava at a small post-erosional crater, Salt Lake Crater, on the flank of Koolau volcano contains garnet pyroxenite xenoliths (Keshav et al., 2007) that have nanodiamonds (Wirth & Rocholl, 2003; Frezotti & Peccerillo, 2007) . Intersection of the oceanic geotherm (Fig. 2b) with the graphite^diamond transition curve (Bundy et al., 1961) indicates melt extraction at P^T conditions 46 GPa, 15708C. The presence of nanodiamonds is consistent with the occurrence of garnets in these same xenoliths that contain exsolved orthopyroxene in their cores. These garnets have been interpreted as originally majoritic garnets formed at 6^9 GPa (Keshav & Sen, 2001 ). Anderson and Sammis (1970) were the first to recognize that the low-velocity zone is a region of partial melting. We use the system CaO-MgO-Al 2 O 3 -SiO 2 -CO 2 ; Fig. 1 ) as a guide to the melting behavior of natural carbonated lherzolite in the low-velocity zone. This is justified by the nearly identical form of the solidus of a natural carbonated lherzolite determined by Falloon & Green (1989) to the carbonated lherzolite solidus in the five-component model system, except that temperatures are higher in the model system. The data of indicate that in the region between the volatile-free and carbonated lherzolite solidus curves (Fig. 2b) , melt compositions in equilibrium with a lherzolitic mantle source increase in MgO, Al 2 O 3 , and SiO 2 and decrease in CaO and CO 2 as temperature increases isobarically. Along the geotherm, melts at 1401 60 km depth are tholeiitic and high in SiO 2 . Melts along the geotherm at both lesser and greater depths are progressively lower in SiO 2 and therefore progressively more alkalic. In the low-velocity zone, these changing P^T conditions along the geotherm indicate stratification of equilibrium magma types. High melt-fraction tholeiitic magmas occur in the middle of the low-velocity zone where the geotherm grazes the volatile-free solidus at depth of 140^160 km. At both lower and higher pressures where the geotherm curves away from the volatile-free solidus, alkalic magmas produced at low to moderate melt fractions occur. At the extreme upper and lower boundaries of the low-velocity zone, carbonatitic magmas occur at both low and high pressures where the geotherm approaches the carbonated lherzolite solidus (Fig. 2b) ; however, these melts would be very small in volume and unlikely to be observed at the surface.
M AG M A S T R AT I G R A P H Y I N T H E M AT U R E L O W-V E L O C I T Y Z O N E
Mature areas of the Pacific Basin (ages 4 50 Ma) have a uniform depth of minimum vertical shear-wave velocity (V sv ) and maximum shear-wave anisotropy of 140^150 km (Nishimura & Forsyth, 1989; Ekstro« m, 2000; Ritzwoller et al., 2004; Maggi et al., 2006; Kustowski et al., 2008; Nettles & Dziewonski, 2008) . The existence of this low-velocity zone has been known for more than 50 years (Gutenberg, 1959; Anderson, 1966) and the depth of maximum velocity reduction has not changed with more recent studies. Figure 2c shows the results of a pure-path study for a line from Tonga^Fiji to southern California (Tan & Helmberger, 2007) , which is consistent with seismic tomography data for ages 4 50 Ma (Maggi et al., 2006) . Directly beneath (Li et al., 2000) and just SW of the island of Hawaii (Laske et al., 2007) , the lowest shear velocity is centered at 150 km depth, in excellent agreement with the results of Tan & Helmberger (2007) and other data for the mature Pacific Basin. This agreement indicates that temperatures beneath Hawaii are indistinguishable from those beneath lithosphere of a similar age throughout the Pacific Basin. Therefore, Hawaii cannot be a plume. Instead, it appears to be the world's best sampling of magmas in the low-velocity zone.
M AG M A E X T R AC T I O N F RO M T H E M AT U R E L OW-V E L O C I T Y Z O N E
The sequence of Hawaiian magmas produced at each volcano is identical to the magma stratigraphy indicated by the phase relations in the pressure range of the low-velocity zone. This consistency applies to the relative volumes of the alkalic and tholeiitic magmas as well as their compositions. We interpret this to indicate that each Hawaiian volcano extracts melts through a fracture in the lithospheric lid (LID) and extracts the locally available melt at progressively greater depths until the deeper part of the low-velocity zone is reached and the supply of magma is exhausted. No decompression melting is needed; the sequence and relative volumes of erupted magma compositions at Hawaiian volcanoes match the equilibrium magma stratigraphy vs depth in the low-velocity zone; that is, early small amounts of alkalic basalts from 3 GPa (100 km), voluminous tholeiitic basalts from 4^5 GPa (120^160 km), small volumes of late alkalic basalts from 5^6 GPa (170 km), and, for some volcanoes, post-erosional alkalic basalts from 46 GPa (4180 km), as discussed above. The observed extinction of each Hawaiian volcano is consistent with extraction of melt from progressively greater depths that stops as the lower boundary of the LVZ is approached and the melt fraction becomes too small for extraction. Each volcano ends its activity in turn as eruptive activity migrates to progressively younger volcanoes to the SE where melts are available at shallower depths. The possibility of inclined melt lenses in the low-velocity zone caused by shear between the LID and the unmelted mantle directly below the LVZ (Holtzman et al., 2003 (Holtzman et al., , 2010 Katz et al., 2006) would facilitate extraction of melt. This could also contribute to partial isolation of each successive inclined melt layer and deeper penetration and exhaustion of melt from greater depths in the low-velocity zone.
A standard mechanism for producing mantle melting is adiabatic decompression. When the idea of ascending hot mantle plumes was first introduced (Morgan, 1971 (Morgan, , 1972 , decompression melting and eruption of lavas at the surface was considered to be an expected consequenceçhence, the easy acceptance of localities with high lava production, such as Hawaii and Iceland, as hot mantle plumes. However, given the broad depth range of melting in the oceanic low-velocity zone, volcanism does not require decompression melting. It is necessary only to fracture the LID to provide an escape path for magma that already exists. A strong and perhaps dominant force that would drive the escape of magma is caused by the unusual shape of the carbonated lherzolite solidus (Fig. 2a and b) , which shows a steep drop in temperature at the approximate depth of the bottom of the LID. The close match of the depth for this temperature drop with the depth for beginning of melting strongly suggests that CO 2 is the cause of this seismic discontinuity.
Pressure release caused by fracturing of the LID would allow CO 2 dissolved in the melt at the top of the LVZ to convert to vapor, which would assist the escape of melt to the surface. In support of this mechanism, CO 2 emissions from the summit of Kilauea volcano average 4900 metric tons per day (Hager et al., 2008) and have reached as much as 9000 metric tons per day (Gerlach et al., 2002) . Also, Dzurisin et al. (1995) have documented the violent phreatomagmatic eruption of the Uwekahuna Ash, which occurred at Kilauea between 2800 and 2100 years ago. This has a thickness of up to 5 m and covers an area of 420 km 2 . The cause of this explosive eruption is unknown, but sudden pressure-release conversion of CO 2 to vapor is the most likely explanation. In addition, Clague et al. (2003a Clague et al. ( , 2003b documented pyroclastic deposits at Loihi Seamount, Hawaii, and submarine strombolian eruptions on the Gorda Ridge.
The idea of a propagating fracture to explain the Hawaiian chain of volcanoes was first proposed by Dana (1849) , a model advocated in the more recent literature by Fiske & Jackson (1972) , Jackson et al. (1972 , and . Recently, Natland & Winterer (2005) have called on fissures to account for the very large number of volcanoes in the western Pacific, many of which define linear trends strongly suggestive of fracture control. Fracture control of volcanism at Hawaii is consistent with the finding (Stuart et al., 2007) that tension exists perpendicular to the Hawaiian island chain. Also, relocations of earthquakes beneath Kilauea volcano indicate depths up to 55 km along a roughly vertical and planar fracture system that extends through most of the LID and has a NW^SE orientation (Wolfe et al., 2003, fig. 2 ). For a vertical section perpendicular to the Hawaiian chain just SW of Maui, the depth to the upper boundary of the partly melted LVZ is 60^70 km (Laske et al., 2007) , which is consistent with the maximum depth of Kilauea earthquakes. Also, they found the minimum shear-wave velocity at a depth of 140 km, identical to tomographic results for the mature part of the Pacific Basin.
T H E P E RT U R B E D M I D -O C E A N R I D G E G E OT H E R M
Seismic data provide constraints on depths of melting in the upper mantle as mid-ocean ridges are approached. For a ray path along the axis of the East Pacific Rise, Nishimura & Forsyth (1989) and Webb & Forsyth (1998) found the depth of minimum shear-wave velocity at 607 0 km. Also, seismic tomography indicates that for oceanic crust ages 5 50 Ma, the depth of minimum shear-wave velocity and maximum shear-wave anisotropy decreases with decreasing age (Ekstro« m, 2000 ; Maggi et al., 2006; Nettles & Dziewonski, 2008) . Along the East Pacific Rise, Mid-Indian Ridge, and Mid-Atlantic Ridge, Gu et al. (2005, fig. 6a ) showed very shallow depths of maximum shear-wave anisotropy at 50^60 km depth. Also, at 50 km depth, Ritsema et al. (2004, fig. 7 ) showed lower shear-wave velocities along ridges relative to velocities in mature parts of the ocean basins. To satisfy this consistent feature along ridges, the geotherm must have its closest approach to the volatile-free solidus (maximum melt fraction) in the depth range of the lower boundary of the LID, 65 km (Figs 2a and c) . This is consistent with P-T conditions of melt extraction of 1·2^1·5 GPa, 1240^12608C ( Fig. 2a ; Presnall et al., 2002) , and requires a steepened conductive portion of the ridge geotherm relative to that for mature oceanic mantle (Fig. 2a) . It is also consistent with oceanic heat-flow variations vs age (DeLaughter et al., 2005) . We (Presnall et al., 2002; Presnall & Gudfinnsson, 2008) have noted that these P-Tconditions coincide with the maximum temperature conditions for conversion of CO 2 to vapor and have suggested that this may control the observed narrow P-T conditions for MORB extraction. The ridge geotherm (Fig. 2a) has been drawn so that P-T conditions for a mature oceanic upper mantle are fully recovered at 250^300 km depth. This depth is approximate and is constrained by the observation that the association of low shear-velocity with the oceanic JOURNAL OF PETROLOGY VOLUME 0 NUMBER 0 MONTH 2011 ridge system disappears at a depth somewhere between 200 and 350 km (e.g. Ritsema & van Heijst, 2004, fig. 7 ).
M E LT I N G B E H AV I O R B E N E AT H YO U N G (55 0 M A ) O C E A N I C L I T H O S P H E R E
The upper mantle beneath the East Pacific Rise is different from mature Pacific mantle. Nishimura & Forsyth (1989) and Webb & Forsyth (1998) found that a ray path along the axis of the East Pacific Rise shows a depth of minimum V sv of 60^70 km and a depth of maximum shear-wave anisotropy of 60 km. These seismic results have been confirmed by more recent seismic tomography imaging (Ekstro« m, 2000; Maggi et al., 2006) . For progressively older crustal ages to the west, these results showed that this depth increases to about 150 km at 50 Ma and remains stable at this depth for greater ages. Also, the western side of the East Pacific Rise shows greater electrical conductivity than the eastern side (Conder et al., 2002) , which has been interpreted in terms of a larger melt fraction. This interpretation is consistent with experimental data showing that complete melting of crystalline basalt causes electrical conductivity to increase about two orders of magnitude (Presnall et al., 1972) . The seismic data, when combined with the phase relations, require that the geotherm beneath the East Pacific Rise approaches the volatile-free solidus closely at 607 0 km beneath the East Pacific Rise, but at 150 km depth at Hawaii. The perturbed geotherm at the ridge axis (Fig. 2a) is consistent with the presence of partly melted mantle in the low-velocity zone that rises, decompresses, and therefore increases its melt fraction dominantly on the west side of the ridge. This rise and enhanced melting owing to decompression shifts the depth range of maximum melting beneath the ridge from 150 to 65 km depth. Because the location of the ridge migrates with time, the perturbed geotherm must also migrate, thus producing a stable thermal structure directly at the ridge axis. This stability is consistent with the phase equilibrium constraint of uniformly low-pressure conditions for melt extraction at all mid-ocean ridges, equivalent to depths of 65 km (Presnall & Gudfinnsson, 2008) , an idea suggested very early on by Green & Ringwood (1967) , Kushiro (1973) and Presnall et al. (1979) .
In this model, there is no involvement of the deep mantle beneath the East Pacific Rise, which is consistent with the observation that the 410 and 660 km discontinuities beneath the East Pacific Rise are not perturbed (Melbourne & Helmberger, 2002) . As the compositions of MORB glasses globally are very consistent with MORB glass compositions at the East Pacific Rise (Fig. 1b^d) , we conclude that the shallow depth of melting at 65 km applies globally for all mid-ocean ridges.
M I D -O C E A N R I D G E B A S A LT S
In Fig. 1 , MORB glass compositions are compared with liquidus phase boundaries in the CMAS system at 1atm pressure. The tightly packed array of these compositions has the shape of a flattened funnel that closely mimics the M-O-R-B region of Fig. 1a , a correspondence that occurs even though the phase relations are for a system of only four components. This is consistent with a direct comparison between a calculated crystallization path in the CMAS system and the MORB glass array (Presnall, 1999, fig. 11 ). In the CMAS system, compositional relationships are well modeled, but temperatures are somewhat higher than those for natural compositions. As additional components are added, the model-system temperatures closely approach those of fully complex natural compositions, and the small amounts of these additional components do not significantly change the major-element crystallization trend of the glass compositions. Thus, when all of the major phase are included in the model system, the simplified phase relations are an excellent guide to the crystallization behavior of natural basaltic magmas, even though temperatures for the model system are usually higher. A more comprehensive discussion of the low-pressure crystallization of MORBs is available (Grove et al., 1992) , but the simplified version in Fig. 1 captures the essential features. Further support for this claim is provided by experimental studies at 1atm on the early crystallization stages of primitive natural MORB glass compositions. These studies, summarized by Presnall et al. (2002) , show that either olivine (usually) or plagioclase (rarely) is the first silicate phase to crystallize, and is followed after a small (308C) temperature interval by the other. This duplicates the early crystallization behavior of model basalts extracted at the plagioclase^spinel lherzolite transition in the CMAS system.
The least-fractionated MORB with Mg-numbers 468 are concentrated toward the low-Di margin of the MORB array (Fig. 1b) and are distributed over a wide range of normative quartz only a short distance from the plagioclase^spinel lherzolite solidus (gray trapezoidal surface in Fig. 1b^d ). This wide variation in normative quartz with no indication of olivine-controlled crystallization (which would appear as trends extending from the MORB array toward the olivine apex of the tetrahedron) indicates that MORB are not extracted from the mantle at elevated pressures and temperatures. The array of MORB compositions is the expected result of melt extraction from a heterogeneous lherzolitic mantle at the plagioclase^spinel lherzolite solidus at P 1·2^1·5 GPa. The least-fractionated natural MORB glasses show a small separation from the CMASNF solidus surface (Fig. 1b and d) , which indicates that even the most primitive MORB glasses have experienced a small amount of olivine þ plagioclase crystallization (Presnall et al., 2002; Presnall & Gudfinnsson, 2008) ( Fig. 1) . For crystallization experiments on natural compositions, this is consistent with the small (308C) temperature interval between the first appearance of olivine and the appearance of plagioclase as the second crystallizing phase. This small temperature interval is not sufficient to produce a clear trend of either olivine-controlled or plagioclase-controlled crystallization, and is expected from melts extracted in the plagioclase^spinel lherzolite transition interval.
As discussed by Presnall & Gudfinnsson (2008) , phase relations for the CMAS and CMASNF systems show that if melts are extracted at P^T conditions 41·8 GPa, 12808C, and rise to shallower depths, their compositions would lie within the olivine primary phase volume at low pressure. Cooling of such melts would show initial liquid paths controlled by olivine crystallization. These would appear as linear trends of glass compositions like that found at Hawaii (Fig. 1b^d) , which extend from the Mg 2 SiO 4 apex toward the low-pressure MORB array. As Fig. 1b^d shows no indication of olivine-controlled crystallization, the P^T conditions for MORB extraction are always 51·5 GPa, 12808C and constrain the depth of melt extraction to 1·2^1·5 GPa (i.e. a depth of 65 km). This coincides with the depth of minimum shear-wave velocity and maximum shear-wave anisotropy observed at the crest of the East Pacific Rise, which is generally interpreted as the depth of maximum melting. Figure 1b^d indicates almost complete overlap of Icelandic and other MORB glass compositions, but with Icelandic glasses shifted toward more Di-rich compositions (Fig. 1b  and d ). This offset and the absence of olivine-controlled crystallization is the expected result of a source that is shifted toward a more fertile composition (Foulger et al., 2005a (Foulger et al., , 2005b , with P^T conditions for melt extraction the same as at other locations along ridges, 1·2^1·5 GPa, 1250^12808C. Melts with only small differences in composition are expected from a mantle that has significant compositional heterogeneity as long as the heterogeneity is not so extreme that the mineralogy of the source changes (Presnall, 1969) . For example, at the plagioclase^spinel lherzolite transition, a source consisting of a mixture of basalt and lherzolite would maintain the same mineralogy as a lherzolite source, but the bulk composition of the source would be shifted toward basalt. This would greatly increase the amount of extractable melt and would slightly change the average composition of the basalts erupted. It would not significantly change the P^T conditions for melt extraction.
I C E L A N D
Given continuing mantle flow of CO 2 -bearing and potentially explosive decompressed melt from the seismic low-velocity zone, volcanism would continue as long as the supply of melt is maintained or until plate-tectonic forces close the fracture used as a magma channel. The vigorous CO 2 -driven geyser activity at Iceland indicates that the supply of CO 2 is not currently exhausted. Control of the temperature and pressure of melt extraction by the unusual shape of the carbonated lherzolite solidus (Fig. 2) would keep the P^T conditions for melt extraction at Iceland the same as those at other ridge localities. The complete absence of olivine-controlled crystallization at Iceland (Fig. 1) requires that the P^T conditions for melt extraction are narrow and essentially the same as at all other localities along oceanic ridges (Presnall et al., 2002; Presnall & Gudfinnsson, 2008) . No elevated temperatures and pressures of melt extraction that would indicate a hot mantle plume are indicated.
D I S C U S S I O N
Seismic constraints on depths of minimum shear-wave velocity and maximum shear-wave anisotropy (150 km at Hawaii; 65 km at the East Pacific Rise) are in excellent agreement with phase equilibrium constraints for the depths of tholeiitic magma extraction at these two localities. This appears to resolve long-running controversies over the P^T conditions of magma extraction at Hawaii and along the global mid-ocean ridge system. The 65 km depth at ridges closely matches the maximum temperature for conversion of CO 2 to vapor (Fig. 2a) on release of pressure. This conversion, which has been proposed as the control on the P^T conditions of melt extraction at oceanic ridges (Presnall & Gudfinnsson, 2008) , is supported by widespread strombolian eruptive features along the Gorda Ridge, Juan de Fuca Ridge, southern East Pacific Rise, northern East Pacific Rise, and Gakkel Ridge (Clague et al., 2003b (Clague et al., , 2009 Sohn et al., 2008) . Strong degassing of CO 2 has also been reported from the Mid-Atlantic Ridge (Javoy & Pineau, 1991; Pineau et al., 2004) . Conversion of CO 2 to vapor, as an aid to delivery of melt to the surface, is distinct from the energy source for melting, which comes from upward flow and decompression of mantle source material at pressures greater than 1·2^1·5 GPa. In contrast to Hawaii, the interpretation of relative eastward and upward flow in the low-velocity zone just west of the East Pacific Rise (Conder et al., 2002) implies enhanced decompression melting of a crystal^liquid mixture that rises from 150 to 65 km depth prior to magma extraction at the ridge axis. Such flow is consistent with the tomographic cross-section of Pacific shear-wave anisotropy given by Ekstro« m (2000, plate 2, bottom panel) and the vertical shear-velocity data of Maggi et al. (2006, fig. 10 ). The shallow (65 km) depth of melt extraction at mid-ocean ridges is identical to the depth of minimum shear velocity (Nishimura & Forsyth, 1989; Webb & Forsyth, 1998) .
As many presumed mantle plumes are located on or near mid-oceanic ridges, these plumes should cause local JOURNAL OF PETROLOGY VOLUME 0 NUMBER 0 MONTH 2011 temperature enhancements of 2508C (Sleep, 2007) . However, the complete absence of olivine-controlled crystallization trends along mid-ocean ridges (Fig. 1b^d) demonstrates that melt extraction always occurs at temperatures significantly lower than the mature oceanic T p at depths greater than the thermal boundary layer. This occurs because mid-ocean ridge basalts are always extracted from within the thermal boundary layer along a perturbed geotherm. We conclude that upwelling mantle plumes (e.g. at Easter Island) beneath the East Pacific Rise are not required, a result consistent with the absence of Transition Zone topography along the East Pacific Rise (Melbourne & Helmberger, 2002) . The globally uniform thermal characteristics of volcanism at mid-ocean ridges, including Iceland, imply that thermally driven upwelling from the lower mantle does not occur beneath any ridge. Our thermal constraint has been developed in detail only for the East Pacific Rise, but this is the most active of all ridges. If hot mantle plumes do not rise from the lower mantle beneath the East Pacific Rise, it is difficult to argue that they rise beneath any other ocean ridge. The enhanced magma production at Iceland, a plume candidate perhaps as strong as Hawaii, does not show any indication of olivine-controlled crystallization. The enhanced magma production is easily understood as the result of mantle heterogeneity. Wolfe et al. (2009) reported a column of low shear velocity that extends to a depth of about 1200 km beneath Hawaii and suggested that this indicates elevated temperatures caused by a plume from the lower mantle. A plume T p of 17508C would be required compared with a mature-ocean T p of 15008C. This would force a pressure for melt extraction that is beyond the range of existing experimental data, but would be 9^10 GPa (Fig. 2b) . No indication of magma extraction at such extreme P^T conditions has ever been found at Hawaii, or anywhere else in the modern volcanic record. We therefore conclude that no hot plume exists at Hawaii, a result consistent with heat-flow data close to Hawaii (DeLaughter et al., 2005; Stein & Von Herzen, 2007) .
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